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INERTIA OF -DYNAMIC PRESSURE -ARRAYS*

By Hans'Weideﬁann

, There is a certain time lag in dynanic:pressure
changes before they are visible to the pilot on the indica-
tor dial., This lag depends upon the size- of the employed
tubing and the characteristics of the indicating instrument,
A new mathematical term "pneumatic time .constant," which
depends only on the dimensions of the tubing and of the in-
dicator, enables the comparison of different dynamic pres-
sure arrays. The pneumatic time constant is an indication
of the inertia of a dynamic pressure array.

SUMMARY

From earlier measurements and the mathematical examn~
ples, it can be zathered that the inertia of dynamic pressure
arrays can be conputed with sufficient accuracy and the
proper size of tubing established,. provided that certain re-
quirements are made on the inertia, '

A formula is also. given by which .the inertia can be
computed. Similar in structure to formula +t' = R* C*, it
reads as follows: ' C

v Y
b = cdnst T Vg
- 0.087 L 7oL o o 1)
= 0,087 r4’V ¥ T {s) (reference 1)

The inertia which indicates the time interval during which
a pressure fluctuation has abated to the- eth part of its
initial amplitude makes it possible to comparc different
dynamnic pressure arrays without regard to eventual diversiw
ty of "tubing length, diameter, or volume of air-speced in-
dicator, ° o S o I :

* T - ’ —
"Zur Tragheit von Staudiuckanlagen. " Luftfahrtforschung,
vol. 17, no.. 7, July 20, 1940, PP. 211-215, :
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.1, INTRODUCTION

The basic data of the »resent report are the measure—
nents nade b;r the author in 1936 at the Institute of Tech-
nology at Braunschweig. Xarlier neasurenents are checked
by calculatlion and extended.

The indication of the speed of aircraft relative to
the air is afforded from neasureneat of the dynanic pres-

sure q = 3 P ve A nozzle or pitot connected by tubing

with the air-—speed indicator in thé form of an aneroid capm
sule serves as piclup,. ’

The speed of the air relative to the ground is dis-
regarded since it plays no part in the following arguments
and investigations,

If, for any reason, such as the result of a gust, a
speed change Av occurs at the test point, the dyranic
pressure Ag changes also., The pressure change is contin-
ued through the tubing, a positive pressure change +Ag

"causing an inflow, and a ncgative pressurc change =Ag an

outflow of a cortain volune of air,

: . Ag TV
It anounts to T4V = F - if V is the volume of
: o

the total dynanie pressurc array and p, .1s the static

pressurce of air., This volune of air requires a certain tine
to flow into or out of the dynanic pressure array, Even 1f
the ancroid capsulc with its indicator systen follows the
pressure change practically without inertia (it is assuned
to be so snall as to be practically negligible), a certain
tinc still clapscs before the pointor registers the new dy-
nanic pressure (g + Ag). This inortia is defined and con-
putcd.

analof7.- Tho usual dynanic
xup, tubing, and indicator
ncept of inertia comprchensi-
v is replaced by a similar
necting tubing correspond
ance R, the aneroid capsule
pressure gq bto voltage 1.

a) Pnecumatic and cle
pressurc array consists o
dial (fige 1). To makec the

a

clectric systen; pitot and ¢
electrically to an ohmic resi
to a condenser C, the dynan
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-W¥hen o charged confienser. (flg. 2) of capacitance C
dischwrges across a resistance R, the’ ‘decrenent of the
condenser voltage w follows gccording to an exponential
function, The sane holds true for the pressure in the an-

‘eroid capsule by equalizatlon through the connecting tub-

ing. In other words, it involves an equalizing process:

for which a pneunatic time constant can be given, which is
an indication for the.rate of decrenent of charge or dis-
charge of a condenser, The pneunatic time constant is, in
its structure, exactly like the electric time constant and
indicates the tine rate in which the test gquantity has de-
creased to its ebl part, or the tine rate after which it
has built up to l/e of its final value, This tine cone-
stant is therefore an indication of the inertia of the con~
pensating process and hence is defined as "the inertia,"

Viewed electrically, the fornula for the inertia reads:

£t =R 06 (s)

With R* as the flow resistance of the tubing, and OC* as
the capaclitance of the aneroid c%psule, "the inertia'" of the
dynanic pressure systen is

41 = R* C* (s) (1)
b) The calcuiation of R* igs based upon the following

argunent .~ Applying a voltage difference Au to an ohnic
resistance R, 'a current 1 of nagnitude i = Au/R passes

-through' it according to the ohnic law. On applying o pres-—

sure difference Ap to 2 ‘tubing, its flow volume per sec-—
ond can be conputed from the Hagen—Poiseuille low, It is

4
Q=E“'*I‘-"'AP
N

This formula, wherein volume Q (per sccond) corresponds
to current i, and the préssurc'diffcrencg Ap to the,
voltage difference Au, 1s built up exactly like the for-
nula i = uw/R; hence, mr4/8N1 defines a reciprocal re-
sistance l/R The flow rGSLStqnce in’ the tubing, accorde
ingly, is: ;

R* =:8ﬂl{[kggsﬂ‘- ' - o tz)

n “ | - Lo - .

where 1 is the length, r“‘thefraﬁius‘of(tubing, and 1
the viscosity of flow nmediun. e ' '
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‘e) The capacity C* is defined as the capacity of any
body of volune V by a pressure change dp; it follows
. fron the general gas equation at

: av
C¥ = w =
dp

and affords, after differentiation:

o vhp,
dp vt g pg

-—

‘Assuning that p differs little from p,, which is pernis-

sible at pressures around 100 nn Hg, we can put Vo = 7,
Then the capacity is ’
av v ns 4.
CH* = e ——— = o [i———- (S)
ap K Po LEsg |

When counputing the capacity of the aneroid capsule, it
should be borne in 2ind that the capsule deflects outward
and thus 1s able to take up o greater volune of air than

it otherwise could do, Hence the voluune of inflow AV due
to the pressure change 4&p 1is augnented by a further vole-
une AV' due to the flexibility of the aneroid (fig. 3).
Jow the substitutc volume ¥% which the aneroid box should
have if the total volunec of inflow were (AV + AV!') with-
out its walls belng flexible, can be conputed,

It anounts to

. AV + AT
VH = (————-———-—————>
Ap Po

Thus the flexibility of the aneroid wall causes an increase
in capacity C*,

avs CTE

dp KD

C*=r<

This increase is esvecially pronounced on the annular balance
where the flexible wall forms the sealing liguid.

d) A third quantity, which electrically corresponds
with the inductance L* and appears chiefly by rapidly and
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"Perlodically changing pressures, is. the.mass inertia of

the flowing fiedium in the. tublrg. ~It is. proportional to
its density and amounts to- : o X -

L = pF = 521’7 [: ms ] (4)

It is usually so small as to be negllglble The respec~
tive time constants L /R "and RT ¢ = t' follow logic—
ally in seconds, :

3. CRITICAL ANALYSIS

In the foregoing argunents certain sinplifying assunp-
tions were unavoidable. Thus, it was assumed that the tub-
ing has a resistance but no capacity. This is permissible
for narrow tubing whose- capacity is uBusally low while the
resistance is high; on wide tubing the conditions are re-
versed, Most dynamic pressure indicators are provided with
a damping capillary, -so.that its resistance must also be

‘taken into account,

The complete substitute system is achieved by con-
necting the tube rewistance with that of the dawmping cap-
illary in series; and that of the capacity of the aneroid
capsule and the tubing capacity in parallel (fig. 4).

Then

-
i}

Ry + Rg and €% = 0f + g~
Hence

w e t‘ﬁln‘\
R C = KBl f-Rd; (C; + Qd)>

£t
Accordingly, three cases are pdssibleﬂ
1. TNarrow pipe: .

. . T * *® .
1)For the definition of L and- & , see reference 1,

The definition of R™ is taken from an unpublished
report by W. XKerris, Braunschweig, (See also refer-
ence 2,)
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that .is, the effective capacity -is essentially that of. the
aneroid box, while the resigtance of the tubing exceeds
that of the damping capillaries, Then :

t' = By Cgq
2. Medium tubing:
RZ = Rd. and C1'= Cd

that is, capacity and resistance arc approximately ofvthe
samc ordcr of magnitude., Then

tt = R* ¢" =4 Ry G4 = 4 Ry C,

3. Wide tubing:
Ry < Ry and O3 > Oy
that is, the capacity of ‘the tubing cexceeds that of the an-
eroid capsule, while the resistance of the tubing can be

disregarded with respect to that of the damping capillaries,
Then

t! = (3 Rg

a) Optimum Tubing

The guestion of optimum tubing with a minimum inertia
for a given aneroid capacity and damping resistance can be
settled by differentiagtion of the equation
t' = (RZ + Rd) (CL + Cd)

Differentiation of $! with respect to r and post—
ing r® = x, affords a cubic equation

16 K p, C
% - gnr X - i Po 7d - 0 or x3 - 3px -~ 2q = 0
i Rd_ T2 Rd.
whereby '
8Nt an k C
p = N and. q = —D—*EQ-—Q
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vhich contains one real and two:conjugate complex solu—
tiong; from the- real solunlon follows a tube radlus for
which the" tlme constant is a mlnimum.

. To illustrate' . For-

6 : kg s . . . : "'iO ms
5,‘

Rqg = 62 x 10 and Od = 44,5 x 10 e

we obtain an optimum radius of r = 1,22 Xx 10 ° meters,

with a time constant of 0,406 second. For a tube radius
twice as great, -r = 2444 X% 10-33 -the time constant is
0,61 second; for half the radius, r = 0,61 X 10> meters,
it was 0,945 second,

The best tube.radiué therefore is:

~

To illustrate the effect of inertia on a process, let
us assume that the process taking place at the test point
follows the course of a rectangular function., According
to figure 5, the amplitude of the process registers cor-
rectly on the indicator only when it continues for at
least five time constants PFinertias"). Afbter about five
tine const“nts, the amplitude has approached the final
value to within about 0,67 percent, that is, has practi-
cally reached it, If the duration of the process was
less than five time constants, the amplitude is corre-
spondingly falses It falls so much shorter of the maximunm
value as the particular;process is shorter,

The relation that can be derlved from figure 5 for

the anmplitude by known time constant t' and given dura-
tion of the process t- is: :
A = Amax (1 T on _e>

if e = 2,71828-'and t is measured in n multiples of %,
Consequently, : . C :

L S
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b) Wave Equation

For exact procedure, the .capacity € must be assumed
ag evenly distributed over the whole tubing, and likewide
the resistance R; the inductance L can usually be asge-
surnied negligibly snall; the derivation G 1itself « elec-
trically the reciprocal of an insulation resistance, pneu-
natically the porosity of the tubing - is eguated to zero.
Then if the tubing alone is congidered, the wave equation
readssd :

3°p 3D ap
LS i
xa = L1 C1 ata + Rl‘ 01 -a-—{

Q

(L,, Ry, and C; refer to length unit,) TFigure 6 illus-
trates the slectric substitute scheme at the tubing. Such

a tubing has the wave resistance 2 = ,/L,/C;, and the
pressure waves advance over it at the rate of v = l/vfilcl.

The speecdsof advance arce all at 338 meters per second, as
shown in table I, that is, velocity of sound., The resiste
ance of the tubing results in exponential damping of the
pressure amplitude and amounts %o

B
2

w

P =D, ©

pal

The damping of the pressure amplitude in percent
amounts to 72 percent for the narrowest tubing

(* = 0475 X 107% m), and only 3 percent for the widest

(r = 5 X 107® m), on the assunption that only one single
pressure wave is involved., Then one may no longer spoak
of a pneumatic timc constant because it is dependent upon
the locality, hence the gpeed of propagation nmust bYe ace
counted for along with the exponcential damping of the
pressure amplitude, ;

But for practical purvoses, the discusscd method is
gufficient if it involves, for instance, the dinmcnsions
of length and diameter of the tubing by given air-specd-
meter dimensions, so as t0 maintain the inertia within
certain defined linmits,
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r=0,75x 10 ° |, r=3x10 ° r=5x 10”2

R, X6 & | 14,7 % 10° | 08575 x 10° 0.00745 x 10°
L, .|%8582|0.0695 x.10°% |'0.00435,x 10°° 0,00156 x. 10°
4 ' o .
C, %E 1.26 x 107'°| 20,2 x 107 | 56,2 x 10710
Ry, | £ 59 x 10° | 0,23 x 10° 0.0298 x 108
L, ki53° 0.278 x 10° | 0,0174 x 10° | 0.00624 x 10°
5 b -
c, %g 5.05 x 107%°| 80.8 x 107° | 224.8 x 10™°
z kK€ S | 23,4 x 10% -} 14,7:x 108 ° | 0,527 x 106
m 1 . S o
v n/s 338 338 338
£y s 0.0118 £ 0.0118 0.0118
R, . - _
21 1 1.26 0,0782 0.0283
22 . o . . .
Ry ‘
t..ﬁ-‘éjz' . ] ‘
P2 % 72 8. 3
5 ? : _
k= 1.4 p, = 10" kg/m® 7T = 1,83 x 107° Bes
ke g2 . . '
p = 0.128 545‘ 1 =4m
x o . avx v
‘airspeed meter - .dp- KDy
AV = &2 v - 200 x 12.81 x 107° _ § o4y 1076 3
Po 10*
X =1 x107%®n® = V. =12.310 °n®
neasured e . : .
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AV + AV!' = (1 + 0,246) x 10 % = 1,246 x 10° =n®

- 'S
Py 1.246%x107°x10 e s
v o= =2 Av1) = = 62,3 x 10 " m
sp (AT + ATH) 200 »
* * 9.F -6 - -
6" = L - 82.3 X 10 " 107% - 44,5 x 107 %% /ke

4, CALCULATION AD HBASUREMENT OF THE INERTIA

a) Testing Bquipment (fig. 7)

A 1l2-1liter equalising tank ig put under low pressure
by means of an eJjettor wabter pump and read on a water ma-
nometer, The opening of a cock fitted with pawl and a
heavy spring under initial tension is accompanied by a low-
pressure wave through the tubing and deflects the pointer
of a commercisl Askania alr-speed meter fastened at the
end of the tubing., The passage of the pointer through
certain marks is observed by telescope and the time clocked
by stop watch.

b) HMeasurement

The mcasurement was based on the following reasonings
An airplane flies with a certain dynamic pressure and is
struck by a sudden gust. This causes a sudden rise in dy-
namic pressure. Then the pilot is very much interested
in knowing the time lapse before this pressure change rege
isters on the alr-speed meter. The low pressures pPro=-
duced ranged from 10 to 80 millimeters of mercury, correw-
sponding to an air-speed meter reading of from 100 to 250
kiloneters per hour; then the time interval after which
the pointer deflection had dropped to the e bl part of its
initial reading was recorded.

For other reasons, to be explained later, only the
measurements at 10 nm Hg %.100 km/h were taken into
account and the time interval recorded - after which the
air-speed-meter deflection had dropped to 63 kilometers per

hour. L

Since the inertias were so small that clocking by stop
watch scemed useless, artificial enlargement was necessary.
This was achieved with the capillarieg attached to the
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front cnd of the tubing. The total resistance of the tub-
ing then . followed from the sories arrangemeint of the re-
sistance.of the capillary and that,of the tube, and the
total capacity from'a-parallel arrangerient of the capacity
of the tube and that of the alrsspeed neter

The res1stances of. the danping caplllaries, numbered
for reasons of simplicity, are appended 'in table II.

PABLE I1
Capillary : r 1 Reap

no., . (n) ' (kg s/ms)
VI 1 0.86 x 107® | 115 5 10°

v | 0,345 x 10732 | 65;6 X 10°
IV 0.35 x 1073 62,0 x 10°
ITI 0.355 x 107°% 58.7 x 10°
11 0,45 x 107° 22,7 x 10°

Length of each caplllarvz 0.2 1

As stated in the foregoing, the calculation of the

- capacity had becen based upon a pressure difference of 100

niliineters W.S., = I%B atmospheré;"At higher pressures,

the capacity is no longer a constant but a function of the
pressure; likewisc, the inductance. L*A is 1no 1onger CO N~
stant because of the dependence_of the density p on the
pressure, and the resistance R 'itself ceases to follow
Poiseuille's law, since the flow is no longer laninar.

For this reason the nmeasurenents at pressures from 20 to
80 millineters of mnercury were for the present not evalu-
able ~ thus leaVving only the test data at 10 millineters.
of mercury amenablec to a nathematical checck,.

c) Results
"Table III contalws the nathenatlcal and expcrlnental

data of the inertia for different tubc &1ambters and dlf—
ferent danping caplllarles .
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TABLE ITI .

Pressure p .= 10 mm Hg,. alr-speed-meter readln 100/63

km/h, dinertia. t'(s) ' :

Capil- r=5x10 > m r=3x10 > m r=0,75x10""> m
lary | Experi~ | Theoret-|EZxperi-|Theoret—~|Zxperi-|{Theoret-
no, nental ical mental ical’ mental ical
VI 2.85 2,85 2.98 1,55 1445 0.9 0,775

v 1,95 2,0 1.96 1.2 .825 .85 .555
v 1.8 1.8 1,86 1,05 78 .8 .54

ITT 1,45 1.5 1,75 1,0 74 75 .525

II 1.25 1,2 .61 .95 .288 4 405

The agrecment between the comnut a
recorded values is '

For further exanmple,
pressure array of

long,
of the

ity

Thce resistance. of

good,

a)

a Ju 52

‘capillaries is disregarded,

of the airwspecd mcter;

Ju 52

the tube reclative

o

take the inertia of
airplanc.

with & 6%X10°° millimetor diamcter,
line R™ amounts to 0.,573x10° kg s
¥, to 202x1071%n%/xg.

and

the erstwhile

[m®;

the dynamic
For a tube 10 mcters
the resistance

the capacCw

to that of the

but the capacity oxgecds that

both Dbeing

Darallel

Ctot

amounts

to 246.5x10 *°m°/kg.
TABLE IV

Capl%— RQ@P t! théosrotieal $! oxpefimontal
lary (kg s/n®) (s) (s)

no, ©

TI 23 .27 X% 102 0.585 1.0
III 59.35 x 10° 1446 1.3

v 62,57 % 10° 1,54 . 1.4

v 66,17 x 10° 1.63 . 1.5

VI 115.5%7 x 108 85 2.35
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Here also satisfactory agreement is obtained. On the
earlier measurement the volume of the tube was enlarged
to 284 x 107° m® by insertion of a suitable glass vessel,

e) Elbows or Bends

The earlier study included straight tublng as well as
the effect of bends, But none of the tests made in this
direction disclosed effects of curvature in the tubing on
the inertia of the record with the means available.

f) Pitot Tubes

A complete dynamic pressure array includes the pick-
up, that is, the pitot tube itself. Hence the study in-
cluded tubing with a pitot tube at the end. Prandtl's
needle pitot tube manifested an increased inertia of sev-
eral tenths of seconds; all others failed to disclose any
increasc. Thus, it follows that no great weight attaches
to the resistance of the pitot tube and consequently it
does not affect the inertia. The studies on pitot tubes
disclosed that no resistance in the sense of a tubing
should be coordinated to them since sharp bends, contrace
tions, etc,, produce additional pressure gradients within
the pitot tubes, which is equivalent to an increase in ree
sistance, As in the electric measurement of the resist-
ance through current and voltage measurements, the pres-
sure drop and the flow volume of air were recorded by
different pitot tubes and then the same measurement ree
peated on tubing of the same length and diameter as those
of a pitot tube, The ratio of both resistances was de-
fined as the quality factor %k of a pitot. This factor
indicates how many times greater the resistance of an ex-
tended length of tubing must be than that of a pitot in
order to produce by the same flow volume per second the
same pressure drop as the latter. At Reynolds numbers of
from 600 to 16,000 the quality factor k, ranging be-
tween 1,3 and 1.6 for most pitots — was found to be con-
stant.

Translation by J. Vanier,
National Advisory Committee
for Aeronautics,
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d=2r
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Pipe line

Aneroi'd.b capsuie

Figure l.- Diag?ammaticAsketch-of a
dynamic pressure array.

Pigure 2.~ Charge of a condenser over a resis-
tance (simplified electric substitute
diagram for a dynamic pressure array).
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FPigure 3,- Diagrammatic presentation of the
additional inflow volume V! result-

ing from the flexibility of the aneroid
wall.

‘*—'_L!—Lﬁl_l_mi—'u—“':—‘lﬂﬂjlﬂ_rj_

Cl — Cd. —_—

(o]

Figure 4.~ Electrical substitute diagram of a
dynamic pressure array.

Figs. 1,2,3,4



NACA Technical Memorandum No,.998 Pigs. 5,6,7

he i ~
I 3 " Process on pickup =~ -~
d 7 \
' g \ Process on
o / /{ +| \ indicator
] AN </ | 3
</ =i 1/ N
/ ~a_ . | ~— ¢
S g =>% T '
t -4 = t d
> < -
Figure 5.~ Curve of two dissimilar rectangular dynamic pressure
arrays on the pickup and on the indicator dial.
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Figure 6.~ ZElectric substitute diagram of a tubing.
Equalizing tank Aneroid
box
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7 Manometer
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éCapillary Pipeline
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-Cock |

k_ / Telescope
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Figure 7.~ Diagrammatic sketch of test equipment.




NOTICE

‘ The Committee's Tochnical Memorandum No. 998, cnti-
tled "Inertia of Dynamic Prossurc Arrays," by Hans Weidemann
. has been carefully read by Professor K. J. Deduhasz, of the
Pennsylvania State College, and he has pointed out some er-~
, rors in the original text. Several other typographical er-
e .. TOors have also been discovered in this Technical Memorandunm.
Some of'thesé'errGrS“wera“inwthevQriginal and others were in
the translation, o '

. An errata sheet has been prepared indicating all the
) errors found, and a copy of the errata is attached hereto
for insertion in your copy of the Technical Memorandum.

Page 4, 1line 6, the equation should read:
8T Tt pg
ap vn-l'Kpa
Page 6, fourth line f?om bottom, equation should read:
r® = x

Page 7, last two equations should read:

' 1
Ay = Apax (1 - ;;)

Page 8, second centered equation should read:

R,x
22

P = Dge

Page 9,'tab}e I, fourth colunn, top row should read:
0.,0575 x 10°

fifth celumn, sixth row should read:
224.8 x 10710

first column, last row sﬁould reéd:

it}
27

b,e

Po



Page
Page

Page

Page

ERRATA (Cont.)

in_second line below table:
"1 = 4n" should read "1 = 4m"

in last line:

"v'measured" should read "Av*measured"
10, in line 2:
"9 should read nPon
Y Ap

« e
4

, table II, colunn 2, 1ine 1, should read:

0,30 x 1072
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